Abstract: The recovery of broadband diffuse optical spectra of both layers in a two-layer phantom is reported for the first time. The recovery uses a diffusion equation solution with relative multi-distance broadband diffuse optical reflectance measurements. . The accuracy of their fitting was reported to be sensitive to both the initial guess and the selection of the source-detector separations. A more robust algorithm that is not sensitive to the initial guess is needed. The new algorithm should also work over a broad spectral range and recover the top layer thickness. In addition, the refractive index mismatch between the top and bottom layers should be modeled. Kienle et al.
Background and Motivation
Tissues such as muscle, breast, and brain have a layered structure with a top layer thickness approximately 5 to 12 mm. Previous studies have shown that the diffuse reflectance optical spectrum that assumes a homogeneous medium is a mixture of both top and bottom layer optical properties [1] . In order to accurately recover the bottom layer's physiological content we have to fit for each layer's optical properties separately. Existing algorithms typically have recovered the optical properties of layered media only at discrete source wavelengths [2] [3] . The accuracy of their fitting was reported to be sensitive to both the initial guess and the selection of the source-detector separations. A more robust algorithm that is not sensitive to the initial guess is needed. The new algorithm should also work over a broad spectral range and recover the top layer thickness. In addition, the refractive index mismatch between the top and bottom layers should be modeled.
Kienle et al. [2] applied Fourier and Laplace transforms to obtain expressions for the steady-state, the frequency domain and the time-resolved reflectance in their investigation of the solution to the diffusion equation for layered turbid media. These expressions were verified with Monte Carlo simulations. Models based upon this approach required five parameters: the optical absorption and scattering in both top and bottom layers, and the top layer thickness.
Broadband Diffuse Optical Spectroscopy (DOS) combines frequency-domain photon migration (FDPM) with time-independent near-infrared (NIR) spectroscopy to quantitatively measure the bulk absorption and reduced scattering properties of thick tissues. "Broadband" technology facilitates separation of absorption from scattering and refers both to the spectral (~650-1000nm) and temporal (~1GHz) bandwidth of DOS measurements. The spectral dependence of optical properties derived from DOS measurements can be used to determine tissue hemoglobin concentration, tissue hemoglobin oxygen saturation, blood volume fraction, water content and lipid content [4] .
Theory and Algorithm
Given the high degree of cooperation between the five unknown parameters in layered media, most existing layer fitting routines require good initial guesses. Martelli et al. [3] proposed a routine to evaluate the initial guess using a time domain measurement. Our proposed fitting routine is insensitive to the initial guess. Our only limitation is that we assume that the top layer thickness (d) is known within ±2mm accuracy. In the fitting routine we also considered the possibility of the mismatch of the refractive index of the two layers.
Step A: We assume an initial layer thickness and keep it fixed. The four optical properties of top and bottom layers are fitted simultaneously from nonlinear regression to the phase difference and the frequency domain amplitude ratio of at least two short source-detector separations at multiple modulation frequencies. The choice of the two distances is determined by the thickness of the top layer. The first distance (ρ s ) is usually within the range of d+2 mm, and the second distance is typically (ρ s +6) mm. In this step, our two-layer DOS technique at six discrete wavelengths recovers the top layer optical properties with high accuracy, while the recovery of bottom layer optical properties is not accurate (and is discarded). The result of this step is to retrieve the top layer optical properties.
Step B: The four optical properties are fitted again at these six discrete wavelengths with two longer source-detector separations. The choice of these two distances is determined by the signal to noise ratio of the measurement at long distance. In contrast, to step A, this time the sensitivity is high in the bottom layer. Thus after steps A and B, we have retrieved both layers' optical properties at the six discrete wavelengths. This can be achieved due to the fact that the fitting is not sensitive to the error in the estimation of top layer's thickness.
Step C: The four recovered optical properties are now used as an initial guess to solve the complete 5-unknonw problem. The top layer thickness is fitted using two source-detector separation data. There is no preference on the choice of the two distances in this step. An important detail that needs to be mentioned is that we fit the inverse of the thickness instead of the actual thickness. By fitting the inverse of the thickness all the five parameters now have the same units and are in a similar range of magnitudes. This improves the performance of the fitting routine. At the conclusion of this step, we have recovered the optical properties of both layers at the six discrete wavelengths, plus layer thickness.
Step D: is the broadband reconstruction of the spectra in each layer. Given the reduced scattering values of both layers at six discrete wavelengths, we assume both layers have a reduced scattering spectral shape of µ s '= Aλ -SP , across the wavelength range of 650~1000nm. The values of A and SP are different in each layer. This power-law dependence is used to recover reduced scattering values at all NIR wavelengths for each layer. The broadband absorption spectra of both layers are fitted from nonlinear regression to the broadband steady state reflectance ratio of two long source-detector separation data. There is no particular requirement of the choice of the two distances, as long as the difference between the two is around 6mm. In all the fitting routine above, we observed that four distances data sets could improve the algorithm performance.
Simulations
Monte Carlo simulations were performed to generate a frequency domain data set to test steps A, B, and C of the proposed algorithm. We used the following input parameters: top layer thickness, 5.5 mm, and refractive index 1.43; bottom layer is semi-infinite, with a refractive index of 1.33. Layer optical properties are provided in Table 1 using the following symbols: top layer absorption (µ a1 ), top layer scattering (µ s1 '), bottom layer absorption (µ a2 ), and bottom layer scattering (µ s2 '). Layer optical properties were simulated at 6 discrete source wavelengths using a 3% amplitude noise and a 0.3 degree phase noise [5] . Due to the long computation time of the Monte Carlo simulations, we did not simulate the broadband data for this data set. The fitted results are compared with their corresponding true values in Table 1 . The error is the % deviation of the fitted result from the true value. The recovered thickness is 5.9mm, which is within 8% error. The top layer's absorption recovering seems to be the least accurate, with an average 25% error. The other four fitted parameters are all recovered within 8% error in general. We also tested the algorithm using simulated Monte Carlo data with different top layer's thickness up to 11 mm. The results are similar to the one we presented above.
Phantom experiment and forearm clinical study
A tissue-simulating phantom was then used to test this algorithm. The phantom had a silicone top layer and an intralipid bottom layer. The silicone top layer was designed to simulate the lipid top layer, which is known to have (1) a low absorption, (2) a high reduced scattering relative to the bottom muscle layer and (3) an absorption peak around 915nm (which is close to the known 930 nm lipid peak). Black India ink was used to raise the average top layer absorption coefficient, while titanium dioxide was used as the scattering agent. We used enough silicone to make both a 6mm layer and a separate homogeneous phantom. The absolute optical properties of the separate homogeneous phantom were measured using a semi-infinite two-distance method. Nigrosin, a dye which has a different absorption spectrum than black India Ink, was used as the bottom layer absorber with intralipid as the scatterer. We used an infinite medium two-distance measurement to determine the true optical properties of the bottom Intralipid layer. 1a shows typical recovered broadband absorption coefficients from a homogenous fit of a two-layer system such as the one described above. As we probe the phantom with larger source-detector separations, we are gaining sensitivity to the bottom absorption values. However, without a two-layer model, these absorption values are a combination of the top and bottom layers. Fig. 1b shows the recovered broadband reduced scattering and absorption coefficients for both top and bottom layer from our two-layer fit. These results show that the algorithm can accurately separate the optical properties of the top and bottom layer. Using the discrete recovery (Steps A-C), the measured reduced scattering and absorption at each of the six diodes for the top layer are within 7% and 38% of true values, respectively. For the bottom layer, measured reduced scattering and absorption are within 19% and 13% of true values, respectively. Due to current limitations with our phantom setup the top layer chromophore concentrations were unable to be reliably determined due to problems of mixing accurately India Ink in silicone. However, the recovered chromophore concentrations the bottom layer (which represents our desired probed volume) did agree well with the true values. We had a measured Nigrosin concentration of 5.87uM with 77.0%, water, compared to the true value of 5.54uM concentration of Nigrosin and approximately 99% water, respectively. This is, to the best of our knowledge, the first report of broadband diffuse optical spectra recovery of chromophores in both layers of a two-layer phantom. Our next step is to use our algorithm to recover layered tissue physiological properties in a clinical study, such as human forearm and breast tissue.
